Two mRNAs generated as a consequence of alternative RNA processing events in expression of the human calcitonin gene encode the protein precursors of either calcitonin or calcitonin gene-related peptide (CGRP). Both calcitonin and CGRP RNAs and their encoded peptide products are expressed in the human pituitary and in medullary thyroid tumors. On the basis of sequence comparison, it is suggested that both the calcitonin and CGRP exons arose from a common primordial sequence, suggesting that duplication and rearrangement events are responsible for the generation of this complex transcription unit.
We have documented that the rat calcitonin gene can generate two mRNAs encoding discrete polypeptide products as a result of tissue-specific alternative RNA processing (1) (2) (3) (4) . The products of these RNAs are the precursors to the calcium-regulating hormone, calcitonin, and to two other peptides in the thyroidal "C" cell and are the precursors to a novel neuropeptide and hormone referred to as CGRP (calcitonin gene-related peptide) and two other peptides. Histochemical analysis with antisera against a synthetic CGRP fragment and nuclease S1 mapping have demonstrated CGRP expression and localization in the brain and other tissues (4) . On the basis of its anatomical distribution and initial physiological studies with chemically synthesized peptide, CGRP is suggested to exert regulatory effects on nociception, ingestive behavior, and cardiovascular homeostasis (4, 5) . In addition to its localization in neural tissue, CGRP also is produced in the endocrine system (including thyroid "C" cells, adrenal chromaffin cells, and bronchiolar cells) and is distributed widely in sensory nerves and in nerves supplying vasculature in many other organs (e.g., skin, genitourinary system). The molecular basis for the alternative RNA processing appears to be selective utilization of calcitonin-or CGRP-specific poly(A) sites present in the transcription unit associated with different patterns of exon splicing and ligation reactions (6) . Similar RNA processing events appear to operate in expression of other eukaryotic genes (e.g., refs. [7] [8] [9] [10] [11] [12] [13] and in a number of animal DNA viruses (14) (15) (16) (17) . Alternative patterns of RNA splicing in association with the use of a single poly(A) site are also observed in expression of a number of genes, including the rat calcitonin/CGRP gene (6, (18) (19) (20) (21) (22) .
In this manuscript we report that the human calcitonin/CGRP gene can generate two mRNAs encoding the precursors of calcitonin and CGRP as a result of alternative RNA processing events, documenting the operation of this type of post-transcriptional regulation in the human neuroendocrine system. The structure of the human CGRP precursor predicts the excision of a 37-amino acid peptide differing in 4 amino acids from the primary sequence of rat CGRP. The predicted peptide is identical with the structure of a peptide from human medullary thyroid tumors in novel fast-atom-bombardment mass spectometry (23) . Both RNA and peptide products of the human calcitonin/CGRP gene appear to be expressed in the human pituitary gland.
MATERIALS AND METHODS
Cloning Procedures and DNA Sequence Analysis. Poly(A)-rich RNA from human medullary thyroid carcinomas prepared as described (2, 3) was used as substrate for oligo(dT)-primed cDNA synthesis. Double-stranded DNA was digested with nuclease S1 and blunt-ended by using reverse transcriptase; EcoRI linkers were ligated, and the DNA was inserted into the EcoRI site of the bacterial expression plasmid pUC8 (2) . Transformation of Escherichia coli DH-1 produced a library of 40,000 clonal isolates, of which 2000 were ordered and subjected to a detailed analysis. Screening by immunological and hybridization techniques with a calcitonin antiserum or a rat calcitonin-coding region-specific clonal probe revealed 78 positive clones and with a rat CGRP-coding region-specific probe revealed 7 clones. Plasmids were prepared from positive colonies (24) and subjected to DNA sequence analysis by the chemical procedures of Maxam and Gilbert (25) . All of the common region and calcitonin-or CGRP-coding regions were present in a single insert (pCalHl and pCGRPHL), and sequences were confirmed by analysis of two additional clonal inserts. Plasmids were digested with EcoRI, Dde I, or Hinfl prior to end labeling with [y-32P]ATP in conjunction with T4 polynucleotide kinase and were digested with a second restriction enzyme prior to electrophoresis procedures. All DNA sequence data were confirmed by multiple determinations of overlapping fragments and sequencing in both strands and were across all sites used for labeling.
Isolation and Sequence Analysis of the Human Calcitonin Genomic Clone. A library of human genomic DNA [partial Alu I/Hae III-digested DNA cloned into a phage X Charon 4A (26) library; the generous gift of T. Maniatis] was screened by using calcitonin and CGRP cDNA clones by the method of Benton and Davis (27) . Positive plaques were rescreened at low density until pure; reactive regions were identified by restriction enzyme mapping with DNA blot analysis. For sequencing of clone XhCal1, a series of oligonucleotides based upon human calcitonin and CGRP cDNA sequences were synthesized (28) and used as primers to sequence genomic fragments subcloned into phage M13 in both orientations by the chain termination method of Sanger et al. (29) .
Abbreviation: CGRP, calcitonin gene-related peptide.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. RNA Analyses and Histochemical Procedures. RNA blot analysis was performed by using denaturing formaldehydeagarose gels as described (2) . Histochemical analyses with anti-CGRP and anti-calcitonin antisera were performed as described (4) .
RESULTS
Sequence of Human CGRP and Calcitonin cDNAs. Several cDNA clones exhibiting calcitonin-and CGRP-specific reactivity were subjected to mapping and DNA sequence analysis. DNA sequence analysis confirmed that both calcitonin or CGRP mRNAs are expressed in a human medullary thyroid tumor (Fig. 1 ). Both mRNAs contain identical 5' noncoding and coding regions, with the sequence of the first 225 nucleotides of coding information being identical in both mRNAs, predicting a common 75-amino acid NH2-terminal region between the peptides encoded by CGRP and calcitonin mRNAs. This region differs in 20- amino acid residues from the comparable rat calcitonin/ human calcitonin cDNA was first reported by Craig et al. (30) , and the sequence reported here agrees entirely with that sequence and almost entirely with the additional sequence recently reported by Le Moullec et al. (31) . After the region of sequence identity, the human calcitonin and CGRP mRNAs diverge entirely in sequence (Fig. 1) , although both continue with open reading frames, and the encoded proteins exhibit comparable structural organization (Fig. 2) . Thus, both calcitonin and CGRP sequences are flanked by paired basic amino acid residues signaling proteolytic excision from the primary translation product, and they contain a carboxylterminal glycine residue directing amidation of the excised peptide. The sequence of CGRP mRNA predicts a precursor peptide that will be proteolytically processed to generate a 37-amino acid COOH-terminally amidated peptide similar to rat CGRP except that the 1st, 3rd, 25th, and 35th amino acids (alanine, aspartic acid, asparagine, and lysine, respectively; Fig. 1 ) differ from the rat primary sequence. Therefore, the CGRP-coding region is better conserved between human and rat than is the "common region." (2, 6) ; the genomic sequence corresponds precisely to the sequence of the two cDNA clones.
revealed that one genomic clone (XhCal2), although containing regions with homology to the "common region," calcitonin, and CGRP exons, differs in sequence from the comparable regions in the mature calcitonin or CGRP mRNAs. Therefore, this gene encodes neither the calcitonin nor CGRP mRNA. Analysis of a genomic clone (XhCall) corresponding to the second gene detected by analysis of genomic DNA revealed that the genomic clone contains all of the primary sequence of both calcitonin and CGRP cDNAs shown in Fig. 1 , and the point of divergence of calcitonin and CGRP mRNAs corresponds to intron/exon junctions (Fig. 4) . The calcitonin-and CGRP-encoding exons are the fourth and fifth exons, respectively, while the second and third exons encode the NH2-terminal sequences in common with the precursor of both polypeptides. Therefore, these data suggest that alternative RNA processing events do occur in expression of the human calcitonin/CGRP gene in a fashion analogous to events in rat calcitonin/CGRP gene expression and that a single genomic locus does generate both mature transcripts. Calcitonin and CGRP mRNAs Are Expressed in the Human Pituitary Gland. The possible expression of the calcitonin gene in primate and human pituitary gland was analyzed in light of the previously ambiguous data in the rat. Although calcitonin immunoreactive material has been reported in the rat pituitary, the nature of the reactive material was uncertain (32) (33) (34) (35) (36) , and calcitonin mRNA was not detected in the rat pituitary gland in RNA blotting analyses (4, 32) . More sensitive analyses with nuclease Sl-resistance procedures (3) did detect minimal amounts of CGRP mRNA in rat pituitaries (data not shown); however, the levels were so low that they could reflect either initial hypothalamic contamination of the collected pituitaries or the fact that the levels of calcitonin mRNA in pituitary are minimally above limits of detection by this method. Recently, calcitonin-and CGRPlike material have been reported by radioimmunoassay in the human pituitary (37, 38) .
To investigate the possible identity of the reactive species as the products of calcitonin gene expression, we analyzed RNA from human autopsy pituitary gland specimens (24-48 hr postmortem). Although the poly(A)-rich RNAs prepared exhibited the expected considerable degree of degradation, calcitonin-and CGRP-reactive sequences were clearly and invariably demonstrable in each human pituitary gland examined. The major calcitonin cDNA-reactive mRNA migrated as a 1-kilobase RNA species, and the CGRP mRNA migrated as a 1.3-kilobase species; however, a smear of degraded RNA was observed below these bands. Quantitation by DNA-excess hybridization of immobilized RNA using a "nick-translated" clonal CGRP-coding region probe (2 x 108 cpm/,tg) (39) revealed that the levels of CGRP mRNA in the pituitary glands were 2-4% of the extremely small amounts of CGRP mRNA present in the rat thyroid gland, while CGRP was not detected in human liver RNA 
DISCUSSION
The data presented in this manuscript document several predictions concerning human neuroendocrine gene expression, based upon the precedent of alternative RNA processing events in rat calcitonin gene expression. The generation of discrete mRNAs encoding different hormonal products from a single transcription unit appears to occur in expression of the human and rat calcitonin gene. Therefore, the underlying mechanism is likely to involve factors that are evolutionarily highly conserved. Alternative RNA processing events appear to be important in expression of a wide variety of genomic loci (e.g., 2, 3, 7-22, 40, 41) . The underlying molecular mechanisms include use of alternative transcriptional initiation sites (37, 38) , the stochastic use of alternative splice donor sites (6, (18) (19) (20) (21) (22) , and the use of alternative poly(A) sites (2, (9) (10) (11) (12) (13) 16 ). In the case of the human calcitonin/CGRP gene, the peptide products encoded by the alternative RNA species are quite similar to the structures of the rat mRNA products. Both RNA products of the human calcitonin/CGRP gene appear to be expressed in the pituitary gland and appear to generate the expected peptide products. These data are in concert with previous reports of immunoreactive calcitonin-like (32-35, 37, 38) and CGRP-like material (38) in rat and human pituitary. Because the levels of CGRP mRNA in the pituitary gland appear to represent only a fraction (<5%) of the low levels of CGRP mRNA present in thyroid gland, it is tempting to speculate that if pituitary CGRP and/or calcitonin exert any physiological functions, they might well occur within the pituitary gland itself. A wide biological variation in CGRP and calcitonin production in pituitary might account for the apparently discrepant data in the case of calcitonin/CGRP gene expression in rat pituitary (3, 31, 33) .
To understand the evolutionary mechanisms that generate complex transcription units producing more than one mRNA product, we attempted to elucidate the genomic origins of the calcitonin and CGRP exons in the calcitonin/CGRP gene. Structural comparison of the human (or rat) CGRP and human calcitonin peptides reveals highly suggestive, but not statistically significant, homologies between the two peptides (see Fig. 6 ). A statistical analysis for evolutionary relatedness of peptides devised and performed by Doolittle 1 
Comparison of the primary sequences of human CGRP with human and salmon calcitonin by using computer-generated preferred alignment (39) . Conserved amino acids between human CGRP and salmon calcitonin are boxed; human calcitonin and human CGRP also share homology at CGRP amino acids 27 and 36. et al. (42) reveals potentially significant structural homology between salmon calcitonin and human CGRP (3.48 standard deviations from the mean by "jumble" analysis), albeit with caveats based on the small size of the peptide (Fig. 6) . Rat CGRP is even more related to salmon calcitonin (Fig. 6) . Therefore, it is suggested that calcitonin and CGRP exons are derived from a common primordial gene and that the calcitonin/CGRP gene arose by duplication and sequencedivergence events. The intriguing consequence of these evolutionary events was the generation of a gene with structural and/or sequence information conferring in rat and potentially in human a tissue-specific pattern of RNAprocessing regulation; these data imply that there may be a biological advantage to production of CGRP, rather than calcitonin, in specific tissues.
The biological basis for the observation that salmon calcitonin is more potent in humans than is authentic human calcitonin (43) has not been established. Administration of salmon calcitonin has been reported to exert effects on eating behavior and pain perception (44 46) . These effects appear, in a sense, to be paradoxical because in the rat it is CGRP and not calcitonin that is expressed in sensory ganglia and in the sensory, motor, and integrative areas subserving ingestive behavior (4) . Detailed analysis of the tissue distribution and the biological actions of the CGRP molecule and proof of the predicted patterns of protein processing events are required to determine which, if any, of the potential physiological actions this novel peptide exerts in the human.
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